INTRODUCTION
It is generally considered that the cellular level of mRNA coding for a given protein is a (or the) major determinant for the rate of synthesis of that protein. The level of mRNA is the resultant of transcriptional activity and degradation rate. Whereas considerable experimental effort has been channelled into an understanding of the regulation of transcription, comparatively little effort has been made concerning the understanding of the regulation of mRNA stability and degradation in eukaryotes. It is, however, clear that mRNA decay is not a random and. unselective process, but rather a highly specific and regulated process [1] [2] [3] [4] [5] [6] [7] [8] [9] .
One general conclusion concerning regulation of mRNA stability is that conditions (e.g. hormonal stimulation) which lead to an increased expression of a gene also lead to stabilization of the relevant mRNA species [1, 6] . In brown adipose tissue, the gene for the uncoupling protein thermogenin [10, 11] is highly induced during cold acclimation [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . It was therefore unexpected to observe that the same physiological condition (cold) that is associated with this high induction of thermogenin gene expression was also associated with a dramatic destabilization of thermogenin mRNA: the half-life (after transcriptional inhibition) was about 18 h in mice returned to warm conditions, but as short as 3.2 h in mice remaining in the cold [19] . Such a short thermogenin mRNA half-life (3.7 h) in mice in the cold was also observed by Tvrdik et al. [25] (but longer half-lives have been observed in rats [23] ).
The cellular mechanism behind this cold-induced destabilization of thermogenin mRNA has so far not been elucidated. However, the development of experimental conditions allowing for differentiation of brown-fat cells in culture and for induction during transcriptional blockade led to a further stabilization of thermogenin mRNA. It was concluded that an induced (or shortlived) gene product is important for thermogenin mRNA degradation. Direct interaction of noradrenaline with the cultured brown adipocytes could apparently not mimic the paradoxical destabilization of thermogenin mRNA in vivo, previously observed in the cold-exposed mouse [Jacobsson, Cannon and Nedergaard (1987) [26] has now enabled us to address this question in vitro.
Cold exposure of animals is associated with an increased sympathetic stimulation of the tissue [27] , leading to enhanced noradrenaline release in the tissue [28] ; in experiments in vitro, noradrenaline has been shown to be competent in stimulation not only of thermogenesis [29] but also of cell division [30] and thermogenin gene expression [26] . It is therefore a reasonable suggestion that the destabilization of thermogenin mRNA during cold exposure would also be due to noradrenaline stimulation of the cells. We have here utilized the brown-fat cell-culture system in order to examine the ability of noradrenaline to destabilize thermogenin mRNA.
We found that noradrenaline did not destabilize thermogenin mRNA in the system in vitro. Rather, we saw a stabilization due to noradrenaline treatment, indicating significant differences between the systems in vivo and in vitro. Furthermore, we observed that transcriptional and translational inhibition also led to a stabilization of thermogenin mRNA, indicating the presence of inducible (or short-lived) factors (nucleases), responsible for the observed rapid thermogenin mRNA degradation.
MATERIALS AND METHODS
Cell IsolatIon and culture Brown-adipose-tissue precursor cells were isolated as previously described [31] each well (35 mm diameter), which contained 1.8 ml of culture medium consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn-calf serum, 4 nM insulin, 10 mM Hepes, 50 i.u./ml penicillin, 50 ,ug/ml streptomycin and 25 ,tg/ml sodium ascorbate [26, 32] . The cells were grown at 37°C in an atmosphere of 8 % CO2 in air. On day 1 after inoculation, the culture medium was removed and the cells were rinsed with 2 ml of DMEM before addition of 2 ml of fresh culture medium. On day 3, the medium was exchanged with fresh medium without rinsing. On day 7 (when the cell cultures were confluent), the cells were exposed to noradrenaline [(-)-Arterenol (bitartrate salt), Sigma] for 24 h (1 1M, added at 0 and 8 h). After this pretreatment period, the medium was discarded, and the cells were washed with DMEM. New medium was added, and the cells were treated as described in the legends to the Figures. Additions included actinomycin D (containing mannitol; water-soluble, freeze-dried; Sigma) and cycloheximide (Sigma).
RNA isolation and analysis
For RNA extraction, the cells were washed once with NaCl and then dissolved in 0.8 ml ofhot guanidine hydrochloride extraction buffer [15] . Total RNA was extracted [17] . The RNA concentration was determined in a spectrophotometer at 260 nm; the 260/280 ratios were routinely higher than 1.8. Total RNA yields after pretreatment (day 8) were 21 + 3 ,Ig RNA per 35 mm well (mean of 10 different series). Samples (5 ,ug) of total RNA, denatured with formamide/formaldehyde, were electrophoresed in a 1.25 %-agarose gel containing 20 mM Mops, 6.7% formaldehyde and 0.1 mg/ml ethidium bromide, in a 20 mM Mops buffer containing 50 mM sodium acetate and 10 mm EDTA. RNA was blotted on to Hybond nylon membranes in 20 x SSC (saline sodium citrate buffer: 0.3 M trisodium citrate, 3 M NaCl, pH 7.0), according to the Northern-blot procedure [15] . A positive control for thermogenin mRNA (brown-fat RNA isolated from mice exposed to 4°C for 24 h) and a negative control (brain RNA isolated from the same mice) were included in all the Northern blots. The blots were hybridized with a [32P]dCTP-random-primed cDNA clone corresponding to mouse thermogenin [15] , as previously described [33] . For quantitative analysis, the bands were scanned with a Molecular Dynamics Computing Densitometer 300 S or Phosphorlmager 425 S, and the results were expressed as percentages of the level of thermogenin mRNA obtained at the end of the 24 h noradrenaline pretreatment period. The blots were not rehybridized with a cDNA probe for a 'constitutive' mRNA (such as f-actin);
as also the level of such mRNAs would be influenced by the agents used here [34] , it would not be possible to compensate for unequal RNA application by this method. Rather, equal RNA application was checked by observation of ethidium bromidestained blots under u.v. light (cf. Figure 4) , and all experimental data shown are means from the indicated numbers ofindependent experiments.
RESULTS
In order to study thermogenin mRNA stability, we have used mouse brown adipocytes differentiated in culture. For the present experiments, brown-adipocyte precursors were grown for 7 days in culture, during which time they differentiated into brown adipocytes. These cells express the thermogenin gene at very low levels in the unstimulated state, but the level of thermogenin by adrenergic stimulation [26, 35] . In order to obtain the substantially elevated thermogenin mRNA level required for the present experiments, the differentiated cells were pretreated with noradrenaline for 24 h. This induced level ofthermogenin mRNA was thus the starting point for analysis of thermogenin mRNA stability.
Half-life of thermogenin mRNA following cessation of stimulation We initially estimated the half-life of thermogenin mRNA in vitro after cessation of the adrenergic stimulation. For this purpose, we either re-added noradrenaline to the cell cultures after the 24 h noradrenaline pretreatment period, or the noradrenaline treatment was terminated at this time point. The thermogenin mRNA levels were then measured at different times thereafter in order to determine the rate of degradation of the mRNA.
As seen in Figure 1 , in the cells to which noradrenaline was readded, thermogenin mRNA levels remained high (Figure 1 ; @) and practically stable over the analytical period [the nominal half-life was 26 h, but, as the correlation coefficient was very low (0.32), the level must be considered to be stable]. This indicated that a steady-state level of thermogenin mRNA had already been reached during the 24 h of noradrenaline pretreatment. In contrast, in the cell cultures which were no longer adrenergically stimulated, thermogenin mRNA levels rapidly declined ( Figure  1 ; 0). It would, however, seem that a lag time of some 2 h could be discerned, and thereafter a tendency to an accelerated degradation with time was observed; this tendency was observed in 4 independent experiments (results not shown). When all data points were used for analysis of half-life, a value of 2.2 h was obtained in the experiment shown [the most rapid degradation phase (the last 6 h) corresponded to a half-life of 1.5 Figure 1 Effect of noradrenallne (NE) removal on thermogenin mRNA levels In cultured brown adipocytes Cultured cells were grown for 7 days and then pretreated for 24 h with noradrenaline (1 IZM).
After this 24 h period, the culture medium was discarded, and the cells were washed and fed either with fresh culture medium alone (0) or with fresh culture medium and a re-addition of noradrenaline (-) . The mean of 4 independent experiments, a half-life of 2.7 h was calculated (all time points included) ( Table 1) .
This remarkably short half-life upon cessation of stimulation may either indicate a continuous rapid turnover of thermogenin mRNA during adrenergic stimulation, or it may imply that, upon termination of stimulation, a rapid degradation process is induced; the data from this experiment alone do not allow for distinction between these possibilities.
Effect of transcriptional blockade on thermogenin mRNA stability In order to investigate if the rate of thermogenin mRNA degradation in the absence of noradrenaline was identical with that obtained after complete cessation of gene transcription, we used the transcription inhibitor actinomycin D. Previous results had demonstrated that actinomycin is able to block transcription of the thermogenin gene both in vivo [17] and in vitro [26] . In order to ensure that the lowest possible dose of actinomycin which would effectively block transcription of the gene was used, we exposed differentiated brown adipocytes to actinomycin at the concentrations indicated in Figure 2 and then stimulated with noradrenaline. The results showed that actinomycin prevented the normal noradrenaline-induced increase in thermogenin mRNA levels in a dose-dependent manner, and, at an actinomycin concentration of 1000 ng/ml, noradrenaline-induced gene transcription was fully blocked. Consequently, actinomycin was used at this lowest fully effective concentration in the following experiments; this concentration of actinomycin had no visible effect on cell appearance, and the yield of RNA after 10 h with this actinomycin concentration was not statistically different from the initial yield (cf. legend to Table 2 ).
Thus, after the 24 h pretreatment period with noradrenaline, we either treated the cells with actinomycin or did not treat them, and thermogenin mRNA levels were then determined. In cells which had not received actinomycin, thermogenin mRNA levels again declined rapidly (Figure 3, 0) , with a half-life of 3.7 h in the experiment shown. In contrast, thermogenin mRNA levels in the cells which had received actinomycin declined more slowly (Figure 3, O) , with a half-life of 7.9 h in the experiment shown.
The mean half-life value based on 3 experiments was 7.4 h ( Table  1) . Thus, thermogenin mRNA was degraded more slowly in the presence of actinomycin than in the mere absence of adrenergic stimulation. This fact implies that short-lived or induced transcription-dependent factors are responsible for the rapid breakdown of thermogenin mRNA upon cessation of stimulation. Closer scrutiny of Figure 3 would seem to indicate that it was especially the accelerating phase of the degradation that was affected by actinomycin; a similar observation was made in all 3 independent experiments (results not shown). This could be interpreted to indicate that cessation of stimulation leads to induction of a degrading factor.
It should also be noted (Figure 3 ) that transcriptional blockade did not lead to a complete inhibition of thermogenin mRNA breakdown; thus other, more long-lived, factors must be responsible for the remaining degradation of thermogenin mRNA. These factors must be very long-lived, as no tendency to a decrease in the rate of degradation could be observed during the 9 h of experimentation.
Effect of translational blockade on thermogenin mRNA stability In order to investigate if the stabilizing effect of actinomycin on thermogenin mRNA could be due to an inhibition of production Table 1 Thermogenin mRNA half-lives Cultured cells were grown and treated according to the legends in Figures 1, 3 and 5 . Values are means+S.E.M. of 3 or 4 independent experiments performed in duplicate wells. and *** indicate statistically significant effects of the different treatments versus no treatment (-NE) (P < 0.01 and P < 0.001, respectively; Student's t test); t indicates a significant effect of noradrenaline on the half-life in the presence of actinomycin alone (P < 0.05). Due to the low value of the correlation coefficient for cell cultures treated continuously with noradrenaline (+ NE), the estimation of a half-life for thermogenin mRNA in this condition is not statistically meaningful, and the nominal value obtained is therefore given in parentheses. After the 24 h noradrenaline stimulatory period, the culture medium was discarded and replaced either with fresh culture medium alone (0) or with fresh culture medium plus actinomycin (final concn. 1 ,tg/ml) (a). Analysis and representation of results are as described in Figure 1 . After noradrenaline removal, the half-life was 3.7 h (r = 0.94); after noradrenaline removal with the addition of actinomycin, the half-life was 7.9 h (r = 0.94). negative control (brain RNA isolated from the same mice) (-) were included. RNA from untreated cells on day 8 was also analysed (C). Figure 4 . After the 24 h noradrenaline pretreatment period, the culture medium was discarded and replaced either with fresh culture medium alone or with fresh culture medium plus different treatments as described in the legend to Figure 4 . previously been shown to block thermogenin synthesis in differentiated brown adipocytes in culture [36] ; this concentration of cycloheximide had no visible effect on cell appearance, and the yield of RNA after 10 h with this cycloheximide concentration was not statistically different from the initial yield (cf. legend to Table 2 ). In other cell-culture systems, this concentration of cycloheximide has been demonstrated to inhibit protein synthesis without showing acute cell toxicity [37] .
After the 24 h noradrenaline pretreatment period, the cells were treated either with actinomycin or with cycloheximide. The thermogenin mRNA levels were determined 10 h later ( Figure 4 and Table 2 ). As shown, the cessation of adrenergic stimulation again led to a rapid degradation of thermogenin mRNA. The presence of actinomycin again had a stabilizing effect. Furthermore, the presence of cycloheximide led to a similar stabilization of thermogenin mRNA as did actinomycin. It was therefore concluded that a short-lived or induced proteinaceous factor was responsible for the rapid component of the degradation of thermogenin mRNA observed upon cessation of adrenergic stimulation.
Effect of noradrenaline on thermogenin mRNA stability As it could be inferred from previous experiments in vivo with cold-exposed mice [19] that noradrenaline could increase the turnover of thermogenin mRNA, we investigated the effect of noradrenaline on thermogenin mRNA stability in the cell culture system. After the 24 h pretreatment period, the cells were treated either with actinomycin alone or with actinomycin plus continued noradrenaline, and the thermogenin mRNA levels were then determined.
In cells which had received actinomycin alone, thermogenin mRNA levels declined with a half-life of 6.1 h (Figure 5 , El).
However, in cells which had received both actinomycin and noradrenaline, the half-life of thermogenin mRNA became longer: nearly a doubling to 11.6 h in Figure 5 (U), and a mean value of 10.1 h was obtained in 3 experiments performed in this way (Table 1 ) (cf. also the independent experiments in Figure 4 and Table 2 ). Based on two-way analysis of variance of the 4 independent experiments ( Figure 5 plus Table 2 ) with duplicate wells at the 9-10 h time point, the ability of noradrenaline to After the 24 h noradrenaline pretreatment period, the culture medium was discarded and replaced either with fresh culture medium plus 1 ,ug/ml actinomycin (Act) (5) or with fresh culture medium plus actinomycin and noradrenaline (NE) (1 #tsM) (U). Analysis and representation of results were as in Figure 1 . In the presence of actinomycin, the half-life was 6.1 h (r= 0.93); in the presence of actinomycin and noradrenaline, the half-life was 11.6 h (r = 0.94).
decrease the degree of degradation was found to be highly significant (P < 0.001) (the thermogenin mRNA levels at this time point were 38 + 6% without noradrenaline and 54 + 10% with noradrenaline). Thus, noradrenaline in this system in vitro influenced thermogenin mRNA stability in a way conforming to the general idea that the agent inducing gene expression also stabilizes the mRNA [1] . This result therefore indicates either that the destabilization of thermogenin mRNA previously observed in vivo, during cold exposure of mice [19] , is not due to a direct effect of noradrenaline on the brown-fat cells themselves, or that the cells differentiated in culture respond differently from those differentiated in situ.
DISCUSSION
We have here investigated the stability of thermogenin mRNA in brown adipocytes differentiated in culture. We infer from our results that a factor is induced in the cells after cessation of adrenergic stimulation, and that it is this factor which is responsible for the rapid component of thermogenin mRNA degradation. We also observed that, in the absence of gene transcription, noradrenaline was able to stabilize thermogenin mRNA.
Thermogenin mRNA stabillty
The half-life of thermogenin mRNA observed, after cessation of adrenergic stimulation of the cultured brown adipocytes, was very short, only 2.7 h (Table 1) . This very rapid breakdown may be contrasted with the half-life in the parallel physiological situation, the cessation of cold exposure. In this condition, thermogenin mRNA half-life has been estimated to be 10 h [19] or about 7 h [38] in mice, and 7-11 h in rats [18] . There is no simple explanation for the much more rapid thermogenin mRNA degradation in vitro observed here.
If the level of thermogenin mRNA is the major determinant of the rate of thermogenin synthesis, the changes in mRNA levels observed here should precede those occurring in the level of thermogenin itself [2] . In agreement with this, it may be noted that, already during the 24 h noradrenaline pretreatment period, the thermogenin mRNA level had reached a steady state ( Figure  1 ). Under nearly identical conditions, specific thermogenin levels continued to rise for the first 36 h of noradrenaline treatment, only thereafter stabilizing [36] . Thus, as expected, in the presence of noradrenaline, thermogenin mRNA reaches a new steadystate level before the new steady-state protein level is reached. Similar observations on the temporal correlation between induced thermogenin mRNA and protein levels have been made in vivo, during cold exposure of mice [24] .
The half-life of thermogenin mRNA observed here after cessation of adrenergic stimulation (2.7 h) was much shorter than the half-life of thermogenin itself, which was about 20 h under nearly identical conditions [36] . Thus, when the differentiated cells are no longer adrenergically stimulated, there is a rapid disappearance of thermogenin mRNA, leading eventually to disappearance of thermogenin itself. A similar relationship has been observed in vivo, during re-acclimation of cold-exposed mice to warm conditions, where a selective degradation of thermogenin mRNA is initially observed [38] .
Thus, in principle, there is agreement between the observations in vivo and in vitro that changes in thermogenin mRNA levels precede changes in thermogenin levels, implying that thermogenin mRNA determines final thermogenin levels.
Stabilization of thermogenin mRNA by transcriptional and translational blockade
We observed that both transcriptional and translational blockade stabilized thermogenin mRNA. The fact that such treatments stabilized, rather than destabilized, thermogenin mRNA would indicate that gene products are necessary for the degradation of the mRNA, rather than for its protection against degradation. Stabilization of thermogenin mRNA by transcriptional blockade has previously been observed in experiments in vivo: when cold-exposed mice were transferred to a warm environment, the half-life of the mRNA was 10 h, and this was increased to 18 h in animals pretreated with actinomycin [19] . Although the halflives in vitro measured here were shorter than those obtained in vivo, the relative effect of actinomycin was the same in vitro and in vivo. A stabilizing effect of actinomycin under these conditions is not unique for thermogenin mRNA; similar results were obtained for lipoprotein lipase in rat brown adipose tissue [39] . Stabilizing effects of actinomycin have also been observed in other systems, for mRNAs coding for transferrin [40] , creatine kinase [41] and neurofilament [42] . Whether the effect of actinomycin indicates that the synthesis of a rapidly decaying transcriptional product is necessary for the degradation process [8] is not clear.
However, the likelihood that the effect of transcriptional blockade may be interpreted in this way, is increased by the fact that, both in the system in vitro analysed here, and in vivo [19] , translational blockade with cycloheximide also stabilized thermogenin mRNA. In general, translational blockade leads to mRNA stabilization [9] . In certain systems, this effect of cycloheximide has been interpreted as indicating that the stability of a given mRNA species is directly related to the rate of translation of this species [9] . However, such an explanation can hardly be relevant for cases such as the present, where transcriptional blockade leads to a stabilization similar to that of translational blockade. Thus, the simplest explanation for the results reported here would be that the effect on thermogenin mRNA stability of either transcriptional or translational blockade is due to cessation of synthesis of an induced (or short-lived) proteinaceous compound, the nature of which is unknown. The kinetics would seem to favour the idea that this compound is induced upon cessation of adrenergic stimulation.
Effect of noradrenaline on thermogenin mRNA stability We found that noradrenaline, which is the agent that induces thermogenin gene expression, also stabilized thermogenin mRNA. Thus, in this system in vitro, the hormonal regulation of thermogenin mRNA stability conforms to the pattern that the inducing hormone also stabilizes the induced mRNA species [1] ; a similar observation has recently been made concerning malic enzyme gene induction and mRNA stabilization by triiodothyronine and insulin in the same experimental system [43] .
In vivo, as an effect of cold exposure, thermogenin mRNA is destabilized [19] . As pointed out in the Introduction, it has been concluded from experiments in vitro that most of the effects of cold exposure on brown-fat cells in situ are due to the intensive noradrenaline stimulation of the cells occurring during cold exposure. The fact that noradrenaline was not able to destabilize thermogenin mRNA in the cell-culture system would therefore indicate either that, in this particular aspect, the cultured brownfat cells are significantly different from brown-fat cells differentiated in situ, or that unidentified factors are involved in the regulation of thermogenin mRNA stability. In the latter case, the difference between the short half-life of thermogenin mRNA observed here after cessation of adrenergic stimulation (2.7 h) and the long half-life observed after cessation of cold stimulation of mice (10 h) [19] may be taken as an indication that it is a stabilizing factor which is missing in the cell-culture system.
Conclusion
The present experiments indicate that as a response to cessation of adrenergic stimulation, an enhanced degradation of thermogenin mRNA occurs; this is apparently due to the induction of a proteinaceous compound, probably a nuclease. Such a mechanism would enable a rapid adjustment to physiological conditions where the demand for brown-adipose-tissue thermogenesis is decreased. Experiments in vivo have indicated that such an enhanced degradation may be occurring during reacclimation of cold-exposed animals to warm conditions and involve mRNAs coding for gene products of major significance for thermogenesis [19, 39] . An identification of such a physiologically induced nuclease would be of interest for the understanding of the cellular regulation of mRNA levels (and thus of gene expression), as would be the identification of the information in the target mRNAs which makes them susceptible to the action of this mechanism.
